The finding by Buchner (6) that sporulation occurs when vegetative cells are incubated in distilled water was confirmed and extended by Schreiber (37) who concluded that spore formation followed the sudden hindrance of growth after adequate nutrition. Spore formation in distilled water, termed "endotrophic sporulation," was first utilized as an experimental approach by Foster and co-workers (12-14, 19, 32) who concluded (19) that sporulation is an endogenous process.
The objection raised (33) , that endotrophic sporulation resulted from extensive cultural lysis and sporulation of the survivors on the lysis products, was shown not to be the case in the experiments of Foster's group on Bacillus mycoides (31) , and a few methods have been devised to prevent lysis in some other species (4) . It has been established that Ca2+ (or Sr2+) is required in the distilled water in order to obtain normal, heat-resistant, dipicolinic acidcontaining spores by endotrophic sporulation (4, 5, 8, 12, 30) .
With some organisms, "endotrophic sporulation" seemed to require the addition of other substances (a "replacement technique") (38) . Substances commonly added are minerals, especially Mg2+, Mn2+, and Ca2+, phosphate buffers, and carbon sources, especially glutamate (7, 25, 34, 42) .
Another aspect of the phenomenon was presaged by the common observation (24) tionary phase proceeded to sporulate before growth occurred. As a result, repression of sporulation has been examined by transfer to fresh medium (10, 17, 20) by addition of glucose (16, 17, 19) and by the addition of hydrolyzed casein (41) . These are termed rejuvenation experiments, since the cells resume growth and division. It has been reported that, if the nitrogen content of the cells is sufficiently high, endotrophic sporulation is independent of culture age (19) . However, most workers find that a "point of commitment" beyond which spore formation must take place before growth may resume occurs during sporulation. With different organisms, the specific point of commitment may vary. In one strain of B. cereus, commitment seems to occur at stage IV (7, 11) . In B. subtilis, the forespore is committed at stage II, but the mother cell is not committed until stage III (17) .
When actinomycin D was used to inhibit sporulation, a point of commitment was found early in the sporulation of another strain of B. cereus (2, 43) , but only late in sporulation with B. megaterium (40) . In B. subtilis, there seemed to be a series of points of commitment to sporulation events, probably occurring as the specific messenger ribonucleic acid for the event was synthesized (41) .
In the single case where a molecular mechanism is known, B. subtilis becomes committed to sporulation (determined by glucose addition) due to a decline in the activity of glucose-phosphoenol-pyruvate-transferase and a 557 on June 24, 2017 by guest http://jb.asm.org/ Downloaded from concomitant inability to transport glucose into the cell (16) .
We have demonstrated (18) that sporulation stages II and III can be easily and rapidly quantitated by combining Nomarski interference-contrast and phase-contrast microscopy. The ability to easily quantitate these early stages has allowed an examination of the association between commitment to sporulation and morphological stage in B. megaterium.
MATERIALS AND METHODS
Terminology. Endotrophic sporulation: true endotrophic sporulation, with no additions to the distilled water, was found not to occur with this organism. As used here, endotrophic sporulation refers to sporulation which occurs in 0.85% saline supplemented with CaCl2. Rejuvenation is a means of examining the repression of sporulation by the enrichment of the medium. The medium in which the cells are suspended may be supplemented, or the cells may be resuspended in a richer medium. Cells which are rejuvenated respond to the medium enrichment by growing and dividing, and their sporulation is repressed. Cells which are committed to sporulation continue to sporulate, even after the medium is enriched. To, as used here, refers to the end of logarithmic growth; time is measured in hours after
To.
Organism and culture medium. B. megaterium ATCC 19213 was grown in a defined sucrose-salts (SS) medium (39; Table 1 ) by using the methodology previously described (18) .
Sporulation morphology. Morphological changes occurring during sporulation were monitored as previously described (18) . We have demonstrated that sporulation stages detectable by Nomarski interference-contrast but not by phase-contrast microscopy correspond to cells in stage II (septation) or stage III (engulfment; reference 18). Cells containing an intracellular phase-dark forespore are in stage IV (formation of the cell wall primordium) and cells containing a phase-bright forespore are in stage V (formation of cortex and coats) or in stage VI (maturation; reference 18). Metals. Metals were determined in acidified samples with a Perkin Elmer model 303 atomic absorption spectrophotometer and the methods described previously (9) .
RESULTS
To determine the sporulation stage at which commitment occurs, both endotrophic sporulation and rejuvenation were examined. For endotrophic sporulation studies, cells were removed from SS medium at 0.5-hr intervals during sporulation by centrifugation at 1,500 x g at room temperature. Cells were washed once with and suspended in 0.85% NaCl containing 0.9 mM CaCl2. Calcium was required to obtain normally refractile, heat-resistant spores. Petroff-Hauser chamber counts showed no change in cell number per milliliter during the incubation in 0.85% NaCl. Similar results have been reported by other authors (4, 5, 12, 30) .
Immediately after resuspension, the percentage of cells in each of the morphological sporulation stages was determined by light microscopy. The cells were incubated until T,,, the time at which refractility would be complete if the cells had been allowed to complete sporulation in the original medium (18) . It was found that endotrophic sporulation was also complete at this time (to stage VI [18] ).
The percentage of cells in stages V and VI was determined and compared with the percentage of cells in each stage at the start of incubation.
Because there was no change in cell number during the process, the sporulation stage at commitment to endotrophic sporulation could be determined simply by comparing the percentage of cells in a particular developmental stage at the start of incubation with the percentage of cells containing a refractile forespore at the end of incubation. Figure 1 shows that the ability to sporulate endotrophically was directly dependent on the attainment of a morphological stage detectable by light microscopy. Since the intercept is at zero, commitment to sporulation occurs at the earliest such stage, stage II (18) .
Linear regression analysis yields a correlation coefficient of 0.96, indicating that 92% of the variation in percentage of refractile forespores at T,, is explained by variation in percentage of Nomarski forms at the start of incubation. The probability of obtaining such a large correlation coefficient by chance is less than 1 in 1,000.
In rejuvenation studies, the point of commitment to sporulation was determined in a similar manner, but the situation was complicated by the fact that an increase in cell number occurred during the incubation period. There- fore, total numbers of cells in the various morphological stages were determined by using a Petroff-Hauser counting chamber. Figure 2 shows the data obtained when rejuvenation was examined by washing and diluting cells 1:5 in fresh SS medium.
The ability to sporulate under rejuvenation conditions was directly dependent on the attainment of stage II. The correlation coefficient is 0.97, indicating that 95% of the variation in number of refractile forespores per milliliter at T,, is explained by variation in the number of Nomarski forms per milliliter at the start of incubation. The probability of obtaining such a large correlation coefficient by chance is less than 1 in 1,000.
Similar results were obtained when rejuvenation was examined by supplementation of an SS culture with hydrolyzed casein, casein and yeast extract, or by washing and resuspending the cells in a medium containing hydrolyzed casein, yeast extract, glucose, and phosphate buffer. Thus, the complexity of the medium does not seem to affect the point of commitment to sporulation. In all these cases, heatresistant spores were produced.
A point of commitment to sporulation has been found early in the sporulation of B. cereus by the addition of actinomycin D (2, 43) . Actinomycin D has also been used to study commitment in B. subtilis (41) (40) 
medium, some interaction with the medium must allow these cells to reach stage II and become committed. Therefore, properties of the medium at the critical times were examined.
Changes in the medium during sporulation. Figure 3 shows the development of the ability to sporulate endotrophically as a function of time. This is equivalent to the percentage of cells in stage II or any later stage (18; Fig. 1 Supernatant fractions retained their activity after autoclaving for 20 min at 121 C. The active fraction was dialyzable and passed through a UM-05 Diaflow ultrafilter, indicating that no compounds of much greater than 500 molecular weight are necessary for activity. However, since this filter is charged, it removes cations, and the addition of Mg2+ as well as Ca2+ was required to demonstrate activity of the filtrate. Since Mg2+ and Ca2+ alone would not support sporulation of Tl cells, the effect was due to a combination of substances of low molecular weight.
A solution containing acetate, phosphate, Mg2+, and Ca2+ will completely substitute for the supematant fractions in supporting sporulation of T, cells. Sporulation of these cells is dependent on the concentration of each of these four substances (Fig. 4) cPotassium phosphate buffer (10 mM) containing 1.7 mM (NH4) 2HP04.
d Potassium phosphate buffer (10 mM). Sporulation: + = 50 to 100%; ± = 5 to 50%; -= 0 to 5%. phosphate buffer, 10.0 mM, pH 6.9, autoclaved separately. With both labels, significant amounts of radioactive CO2 were produced (Fig. 5) and, when the acetate concentration was lowered still further to a level low enough to limit sporulation, 98.4 to 99.4% of the label was released as CO2 by T8, indicating no significant use of acetate carbon for biosynthesis.
To follow the fate of the phosphate which was required for sporulation, cells were allowed to sporulate in the presence of H3P3204 in R medium. At intervals, samples were removed and chemically fractionated by the method of Roberts et al. (35) . It was found that only about 4% of the phosphate was taken up by the sporulating cells. Of this, all but a minuscule amount was found in the ethanol: ethanolether fraction which, among other things, should contain phospholipids. The requirement for the other 96% of the phosphate (Fig.  4) is not understood.
Direct chemical assays indicated that Ca2+, Mg2+, phosphate, and acetate are present in the supernatant fractions previously tested (Fig. 3) , in concentrations high enough to explain the observed ability of these supernatant fractions to support sporulation of T1 cells. The supernatant fractions seem to lose this ability due to depletion of the acetate (Fig. 6) . Supplementation of the later supernatant fluids with acetate restored the ability to support sporulation of T1 cells, although in some cases phosphate addition was required to demonstrate full activity. Both Mg2+ and Ca2+ were present in sufficient concentration and in suitable form to be utilized by the sporulating cells. All four substances fit the previously mentioned criteria of a molecular weight of about 500 and stability to autoclaving. FIG. 5 . Rate of CO2 production from acetate carbon during sporulation in R medium. T, cells were allowed to sporulate in R medium to which tracer amounts of radioactive acetate had been added. Samples were removed at the indicated times, and the CO2 produced in a 15-min interval was collected and measured as described in Materials and Methods.
In R medium, Mg2+ is incorporated into the cells beginning at T. and is released after T3., just prior to the appearance of stage II (Fig. 7) . Ca2+ is taken up during the appearance of refractility in the spores. Both of the patterns are similar to that observed in SS medium (9) ; however, Ca2+ uptake seems to accompany Mg2+ release which did not occur in SS medium. The acetate was utilized in a period between T2 and T, during the increase in stages II and III. Neither the total nor the cellular inorganic phosphate concentrations changed significantly during sporulation in R medium, which agrees with the lack of incorporation measured by isotopic methods. DISCUSSION Sporulation in B. megaterium seems not to be influenced by the composition of the medium after stage II is attained. Supplementation or replacement of the medium with one rich in nutrients has no effect on the time necessary for the completion of the sporulation process, although spore size can be increased by the addition of nutrients as late as Tl (Greene and Slepecky, unpublished data; see 21) . Similarly, removal of all nutrients after stage II has no efect on the time taken for the completion of the process, although Ca2+ is required at stage V (9, 18) .
The process by which early stationary-phase cells become committed (attain stage II) requires the presence of certain minimal concentrations of Mg2+, phosphate, and an energy source. Sporulation has been studied in R medium, which contains the minimal essential concentrations of all of these substances.
In R medium, Mg2+ is taken up by the cells at a specific time and does not seem to be required as a membrane stabilizer (27) since most of the membrane synthesis during sporulation occurs during stages II and III (11) , after the Mg2+ requirement has passed and the Mg2+ taken up has been released (Fig. 7) . Acetate is utilized at the same time as the Mg2+ uptake and seems to be converted to C02, probably via the tricarboxylic acid cycle for the generation of adenosine triphosphate (23) . Most of the Ca2+ uptake occurs as refractility increases, as has been previously observed under other conditions (9, 45) . The amount of dipicolinic acid synthesized during sporulation has been shown to be a function of the Ca2+ content of the medium (5) , and this may explain the Ca2+ requirement. The phosphate which is required does not seem to be utilized for biosynthesis. The exact role of the required phosphate remains unclear. It is possible that, due to permeability effects, a high extracellular concentration of phosphate is necessary to transport into the cell the 4% of the phosphate which is incorporated into the ethanol: ethanol-ether fraction. If so, a certain amount of phospholipid synthesis may be essential for sporulation.
Sterlini and Mandelstam recently reported (41) that in B. subtilis no single point of commitment to the sporulation process as a whole could be found. The authors base this statement on the fact that sequential sporulation events can be inhibited by actinomycin D. As has been noted here, addition of actinomycin D inhibits sporulation at any time prior to the development of refractility. Smith, Crosby, and Maier (40) obtained similar results with another strain of B. megaterium. Sterlini and Mandelstam (41) show that there is a point during sporulation of B. subtilis beyond which the process cannot be reversed by enrichment of the medium, and development continues at least to the stage of refractility. The spores produced under both the endotrophic and the rejuvenation conditions described here were not only refractile, but heat resistant. Endotrophically formed spores have previously been shown to contain dipicolinic acid (4, 5, 12, 30) .
Since the effect of actinomycin D seems to be entirely distinct from that observed by varying the medium, it is suggested that commitment to sporulation should be defined on a nutritional basis rather than by resistance to actinomycin D. A possible exception to this would be the case in which a definite point of commitment with regard to actinomycin D occurs early in sporulation (2, 43) . Nutritional studies indicate a single point of commitment to the sporulation process as a whole which occurs in B. megaterium at stage II.
Commitment to sporulation at stage IV in B. cereus can be explained on the basis of permeability effects, since the forespore at stage IV is surrounded by three membranes: the inner and outer forespore membranes, and the plasma membrane of the mother cell. In fact, if forespores (at stage IV) are isolated from the mother cell and suspended in fresh medium, growth ensues, even though commitment has occurred by this time (26) . Permeability has been shown to be responsible for the commitment of B. subtilis to sporulation, un- affected by glucose addition (16) . In the experiments reported here, commitment occurs at stage II when the membrane of the forespore is still apparently exposed to the external medium. Further investigation in this organism of the role of permeability in the commitment process might help elucidate the role of membrane changes in sporulation and the role of permeability changes in commitment phenomena in general.
Sugae and Freese have studied extensively B. subtilis sporulation following transfer of vegetative cells to phosphate buffer supplemented with slowly utilizable carbon sources (42) . However, unlike the B. megaterium system, acetate alone did not support sporulation.
Related to these results is the finding that sporulation can be induced in the cell which is formed by germination and outgrowth of a spore, without an intervening cell division (44) . Such "microcycle" spores have been shown to be produced by a process which is cytologically identical with the process which occurs after growth (15) . Microcycle sporogenesis can be induced by limitation of the phosphate in the medium (28, 29) , and the minimal organic requirements seem to be acetate and a catalytic amount of a tricarboxylic acid cycle intermediate (22) . LiTRATURE CITED
